The present study describes light and electron microscopic changes in the liver of Atlantic salmon during the development of infectious salmon anemia (ISA). Atlantic salmon postsmolts weighing 80-100 g were infected by intraperitoneal injections, and liver samples were collected sequentially between day 0 and day 25 post infection (p.i.), with time intervals of 3-4 days. At each collection time, livers from five infected fish and two control fish were examined. Changes involving the perisinusoidal macrophages were observed by transmission electron microscopy, from day 4 p.i. Large vacuoles, containing a fine-granular material with low electron density, accumulated in the cytoplasm. These changes persisted and became more severe throughout the investigation, leading to a considerable increase in the size of the cells. At day 14 p i , degenerative features of the sinusoidal endothelium were observed. By day 18 p i , areas of the liver were devoid of a sinusoidal endothelial lining, bringing hepatocytes in direct contact with blood cells. At this stage, the sinusoids were moderately congested. From day 2 1 p i , heavy sinusoidal congestion, peliosis hepatis, and degeneration of the hepatocytes were observed. No virus was observed in any of the inhabitant cell types of the liver. Gross and light microscopic changes were first recorded at day 18 p i , as was a significant decrease in the hematocrit values. By day 25 p i , characteristic multifocal, confluent, hemorrhagic necroses were present. Results of the present investigation suggest that the liver lesions observed with ISA are not the result of the development of an anemia alone or caused by direct viral damage to hepatocytes. Hepatocellular degeneration succeeded changes in the perisinusoidal macrophages and degeneration of the sinusoidal endothelium. These changes may have impeded the sinusoidal blood flow and hence caused an ischemic hepatocellular necrosis.
Infectious salmon anemia (ISA) is a transmissible d i~e a s e .~~,~~ of putative viral e t i o l~g y~,~~,~~ and is so far only reported in farmed Atlantic salmon (Salmo salar L.) in Norway. Although great effort has been made to isolate and cultivate the infectious agent,9," the diagnosis of ISA is still based on clinical symptoms, hematologic examination, and gross and histologic lesions. The gross and light microscopic lesions have previously been described from a natural outbreak and related to hematocrit va1~es.I~ At terminal stages of the disease, the gross pathologic changes are characterized by gill pallor, ascites, congestion and enlargement of the liver and spleen, congestion of the foregut, and peritoneal petechiae. Is The hepatic histopathologic changes are central criteria for the diagnosis of the disease and are characterized by sinusoidal dilatation and the formation of blood-filled cavities at hematocnt values above 15 . At lower hematocrit values, multifocal, confluent, and hemorrhagic necroses were present. 15 However, sequential studies of the pathologic changes of ISA have not been performed, and the pathogenesis of the liver changes is thus not well understood. Several mechanisms have been proposed, including hepatocellular damage resulting from impairment of sinusoidal blood flow or from the developing anemia. l 5 Hepatocellular damage caused by virus replication within parenchymal cells has been reported to produce changes resembling hemorrhagic liver necroses in r n a m m a l~.~'
The purpose of the present study was to describe, using light and electron microscopic techniques, the sequential changes in the liver of Atlantic salmon following experimentally induced ISA, thereby gaining some insight into the pathologic mechanisms of the disease.
Materials and Methods

Fish and rearing conditions
The present study was part of a multipurpose infection experiment involving 500 Atlantic salmon postsmolts weigh-466 467 30 
20
ing 80-100 g, all supplied from one hatchery and raised under similar conditions. A group of 350 Atlantic salmon, henceforth referred to as the challenged group, were given an intraperitoneal injection of a homogenate made of liver, kidney, and spleen obtained from diseased fish during a natural outbreak of ISA.I2 The remaining 150 individuals constituted the control group and were injected with corresponding tissue homogenate from clinically healthy fish. The two groups were kept in separate tanks supplied with brackish water (salinity, 16%) at 11 C and fed a commercial diet once daily. The experiment was conducted at the Vikan Akvavet Research Station, Namsos, Norway.
Sampling procedure Samples of liver tissue were collected at day 0 (before injection), and at days 4, 7, 11, 14, 18, 2 1, and 25 postinfection (pi.). At each collection time, five individuals from the challenge group and two from the control group were killed. Sampling was performed randomly, and no attempt was made to select fish showing clinical symptoms. Each individual was killed by a blow to the head. Blood samples were collected from the caudal vein using evacuated blood collecting tubes containing sodium heparinate, and hematocrit determination was performed as described elsewhere. l 2 Gross lesions were recorded by the same person throughout the experiment using a standard scheme. Liver specimens were collected for microscopic examination immediately after examination for gross lesions.
In addition, 15 individuals in the challenge group and eight in the control group were killed at each collection time for studies not presented in this paper. However, the hematocrit values from these fish were also included in the estimates of group means at each collection time.
Fixation and processing
Fixation for light microscopy (LM) was achieved by submerging tissue pieces (approximately 1 cm3) in 10°/o formalin with modified Millonig's phosphate buffer6 for at least 48 hours. Following dehydration via a graded alcohol-xylene series and embedment in paraffin wax, sections 5-6 pm thick were cut and stained with a modified Mayer's hematoxylin and eosin (HE). In addition, selected sections were stained by the periodic acid-Schiff reaction (PAS), by PAS after saliva diastase dige~tion,~ with Perls' Prussian blue for femc iron, and with Gomori's silver stain for reticular fibers. For transmission electron microscopy (TEM), the liver was diced (approximately 1 mm3) and immersed in excessive volumes of 3% glutaraldehyde with 0.1 M phosphate buffer (pH 7.2). Following fixation for at least 48 hours, samples were postfixed in 2% OsO, in 0.1 M cacodylate buffer (pH 7.2) for 2 hours, dehydrated, and embedded in LX 1 12 Resin (Ladd Research Industries, USA). Semithin (1 pm) epoxy sections mounted on glass slides were stained with toluidine blue for correlation between LM and TEM. 39 Ultrathin sections (silver to gold interference colors) were mounted on copper grids, stained with uranyl acetate and lead itr rate,'^.^' and examined with a Jeol 100 S transmission electron microscope. 
Results
The mortality started at day 18 p.i. and reached a cumulative value of 58% at day 29 p i , when the trial was stopped. In accordance with this mortality rate and because the fish were sampled randomly, about 33% of the specimens collected from the challenged group showed little or no pathologic changes, even at late stages.
Hematocrit and gross pathology A significant fall in hematocrit values in the challenged group was first recorded at day 18 p.i. (Fig. I) , coinciding with the first appearance of macroscopic lesions ( Table 1 ). The lesions included congestion and dark discoloration of the liver, congestion of the spleen and foregut, and ascites. At later stages, peritoneal petechiae, exophthalmus, iridal hemorrhages, and gill pallor were also present.
Light microscopic findings
The liver specimens obtained from the challenged group prior to injection and from control fish throughout the study, showed no histopathologic changes. The hepatocytes contained substantial deposits of cytoplasmic glycogen (Fig. 2) .
The changes observed in liver specimens of ISAchallenged fish are summarized in Table 2 . Morphologic changes were not observed at the light microscopic level until day 18 p.i. (Tables 1,2) . At this time, the most conspicuous finding was the sudden depletion of cytoplasmic glycogen in hepatocytes from day 14 to day 18 p i ( Fig. 3) . A moderate sinusoidal dilatation was observed, along with the first appearance of enlarged, perisinusoidally located cells, with distended, vacuolated cytoplasm and eccentrically located, compressed nuclei (Fig. 3) . The contents of the cytoplasmic vacuoles, although largely washed out in paraffin sections, gave a PAS-positive reaction ( Fig. 3) that was abolished by pretreatment with saliva diastase (not shown). In semithin sections of epoxy-embedded ma-terial, the vacuolar contents were retained, staining deep blue with toluidine stain. Paraffin-embedded sections stained with Perk' Prussian blue gave a positive reaction for ferric iron in the same cells in thin cytoplasmic strands outlining the vacuoles (not shown). From day 18 p i . onward, degenerative changes in the sinusoidal endothelium were recognized following close examination as cytoplasmic swelling and nuclear pyknosis ( Fig. 4) . Moderate amounts of mononuclear cells had accumulated around veins and bile ducts (not shown).
These histopathologic features persisted and developed throughout the sampling period. At day 21 pi., small vacuoles appeared within hepatocytes, either appearing empty or containing eosinophilic, homogenous material resembling fragments of red blood cells ( Fig.   4 ). Sinusoids were markedly dilated, in some areas apparently devoid of an endothelial lining, and peliosis-like lesions were prominent (Fig. 5) . Gomori's silver stain revealed disruption of the subendothelial reticular framework in such areas (Fig. 6) . Specimens sampled 25 days p.i. showed the ultimate histopathologic features of ISA, consisting of areas of heavy congestion and hemorrhage with degeneration and necrosis of parenchymal cells (Fig. 7) . The lesions were distributed multifocally throughout the liver parenchyma and were often interconnected, producing a bridging effect. The remaining islands of viable liver parenchyma often contained a centrally located vein (Fig. 7) .
Transmission electron microscopic findings
The hepatocytes from control fish contained abundant parallel arrays of rough endoplasmic reticulum and large cytoplasmic lacunae consisting of poorly stained glycogen in the monoparticulate form ( p particles) (Fig. 8) . The hepatic sinusoids were outlined by highly attenuated endothelial cells, with nuclei characteristically protruding into the lumen (Fig. 8) . The space of Disse contained the perisinusoidal stellate cells (synonymous to Ito cells or fat-storing cells) and abundant, slender microvilli projecting from parenchymal cells ( Fig. 8) . Perisinusoidal stellate cells were characterized by an electron-dense cytoplasm and an extensive rough endoplasmic reticulum and sometimes contained one or a few paranuclear lipid droplets. Conspicuous cytoplasmic processes of these cells extended through the space of Disse immediately beneath the endothelium (Fig. 8) . Additionally, interhepatocytic perisinusoidal macrophages (PSM) were present in the space of Disse ( Fig. 9 ) or wedged between adjacent hepatocytes, extending from the space of Disse towards the bile canaliculi. The cytoplasm of these cells appeared pale with few organelles and contained few if any lysosomes (Fig. 9) .
In ISA-challenged fish, minor ultrastructural alterations were observed in PSM from day 4 pi., developing into obvious changes on days 7 and 1 1 p.i. (Table  2 ). In the cytoplasm, membrane-bound vacuoles accumulated, containing electron-lucent particulate material often bordered by a rim of high-density material (Fig. 10 ). Increasing numbers of lysosomes, high density bodies, and myelin bodies were also observed in the PSM (Fig. lo) . Gradually,. more leukocytes were seen in the sinusoids, some apparently adhering to the sinusoidal lining, but the total number of perisinusoidally located macrophages did not seem increased at A perisinusoidal macrophage is seen in the subendothelial space of Disse. Note the pale cytoplasm, containing few organelles. Bar = 2 Fm. these times. Ultrastructural changes involving other hepatic cell types were not observed at these times.
At day 14 pi., additional findings included degenerative changes in the sinusoidal endothelial cells, with marked swelling and vacuolation of the cytoplasmic sheet ( Figs. 1 1, 12 ). Numerous macrophages containing vacuoles of the same category as mentioned above (prominent changes in three of five fish) occupied the space of Disse, thereby narrowing the sinusoidal lumen (Fig. 13 ). The perisinusoidal stellate cells appeared more prominent, with hypertrophic cytoplasmic processes ( Figs. 12, 13 ). Multivacuolated PSM reached a diameter of more than 30 pm ( Fig. 14) .
New lesions at day 18 p.i. included areas of moderate sinusoidal congestion and dilatation, with degenerate and necrotic endothelial cells. In some areas, the sinusoids were devoid of an endothelial lining, allowing direct contact between hepatocytes and blood cells ( Fig.  15 ). At this time, the hepatocytes contained only small amounts of cytoplasmic glycogen (Fig. 15 ). Degenerative changes in the parenchymal cells were, however, not prominent.
At days 21 and 25 p.i., the sinusoids were heavily congested, and blood-filled cavities lacking an endothelial lining were observed ( Fig. 16 ). Collagen fibrils and cytoplasmic processes of perisinusoidal stellate cells delineated the former sinusoids, revealing an extravascular location of erythrocytes ( Figs. 16, 17 ). Erythrocytes, or fragments of such, were phagocytized by luminal or perisinusoidal macrophages ( Fig. 17 ) or enclosed in parenchymal cells. Hepatocytes were heavily vacuolated with non-membrane-bound vesicles of various sizes, containing material with density similar to that of blood plasma (Figs. 16, 17) . The hepatocytes were swollen and rounded, with indistinct cell borders and flattened luminal surfaces with loss of microvilli ( Figs. 16-1 8) . Nuclei were shrunken with condensed and marginated chromatin, and the rough endoplasmic reticulum was uniformly distended (Figs. 17, 18) .
Discussion
In the present study, electron microscopic changes were observed in the liver of Atlantic salmon as early as 4 days after experimental infection with ISA, which was 2 weeks before the detection of liver lesions by light microscopy and the drop in hematocrit values. The initial changes comprised moderate cytoplasmic vacuolization of the PSM. Later, increasing vacuolization lead to a dramatic enlargement of these cells, apparently compressing the sinusoids. Degeneration of the sinusoidal endothelium occurred at the same time. These changes were succeeded by sinusoidal dilatation and the formation of peliosis-like lesions. At later stages, degeneration of hepatocytes was a prominent finding, followed by the development of multifocal hepatic necroses that became confluent in the terminal phase. Based on the sequence of these pathologic events, a tentative pathogenesis for the hemorrhagic liver necroses of ISA may be proposed. In short, degeneration of the sinusoidal endothelium, together with the dramatic increase in the size of the PSM, may impede the sinusoidal blood flow, thereby producing a severe sinusoidal congestion, an impaired hepatic microcirculation, and a subsequent ischemic hepatocellular necrosis.
In mammals, periacinar necrosis may be associated with a severe and acute anemia. 24 The present study shows that a significant drop in hematocrit values does coincide with the first occurrence of the light microscopic lesions. However, significant ultrastructural lesions were observed prior to the fall in hematocrit values. Further, Atlantic salmon with erythrocytic inclusion body syndrome may develop severe anemia without liver lesions corresponding to those of ISA,23,28 and experimental exposure of rainbow trout (Oncorhynchus mykiss) to nitrite, causing hypoxic liver lesions through methemoglobinemia, is reported to affect parenchymal cells directly, with no mention of preceding sinusoidal damage.' Consequently, as concluded by previous investigator^,^^ it seems unlikely that the liver lesions observed with ISA are the result of an anemic hypoxemia alone.
PSM have been described in the normal rainbow trout l i~e r I~,~O and in Atlantic salmon,33 but detailed knowledge concerning the nature and function of PSM is still lacking. Questions remain as to whether PSM constitute a separate, fixed hepatic cell population with a specialized function or simply represent tissue macrophages as found in any compartment of the body. A specific involvement of this cell type has not previously been described in ISA or in any other fish disease. In the present study, from day 4 p.i. large membranebound vacuoles accumulated in the cytoplasm of PSM, producing a considerable increase in cell size that almost obliterated the sinusoidal lumen. Thus, the enlarged macrophages may have interfered with the microcirculation, thereby contributing to the observed circulatory disturbances. From day 14 p.i., not only the size but also the number of macrophages in the perisinusoidal compartment had increased, possibly reflecting an immigration of monocytes from the circulation. Local proliferation of macrophages cannot be excluded, although mitotic activity was not observed.
The source and nature of the vacuolar contents of PSM remain obscure. The absence of the PAS reaction following diastase treatment indicates the presence of glycogen. In support of this result, several morphologic characteristics of the vacuolar contents are shared with the cytoplasmic glycogen stores seen in the hepatocytes, including washed-out appearance in paraffinembedded sections, a deep blue color in toluidine bluestained semithin sections, and a granular low-density appearance with TEM. Accumulation of glycogen in membrane-bound lysosomelike structures has been observed in some conditions in mammalian species.17 However, the vacuoles more likely originate from the breakdown of hemoglobin, and ferric iron as detected by LM was associated with the vacuoles. A previous study that examined the fine structure of the biliary system of the rainbow trout demonstrated cytoplasmic vacuoles in PSM,I9 and these vacuoles, although smaller, resemble those described in the present study and could indicate that the extreme vacuolation of PSM in ISA is caused by overloading a normal process. Concordant with this notion, the vacuoles and residual bodies in the PSM showed some ultrastructural resemblance to mammalian erythrophagolys~somes,~~ but readily recognizable erythrocytes were not observed in macrophages in the liver at early collection times. Consequently, more studies are needed to determine the origin and composition of the vacuoles in the PSM observed in this study and the role of these cells in the pathogenesis of ISA.
Peliosis hepatis denotes blood-filled cysts in the liv-e~-,~~ and peliosis-like lesions were prominent features of the prenecrotic stages in this study. Damage to the sinusoidal lining cells is one proposed mechanism for the development of peliosis he pa ti^.^^.^^ Alternatively, the peliotic lesions could result from congestion of the sinusoids. However, because peliosis hepatis is considered a possible cause of impaired sinusoidal blood flow,18 it is difficult to establish whether the sinusoidal congestion is a cause or result of the peliotic lesions. Also, a combination of the two mechanisms, damage to the sinusoidal endothelium and congestion of the sinusoid, is possible.
In mammalian species, degeneration of the sinusoidal lining leading to hepatocellular necrosis has been described in various liver diseases. In murine hepatitis induced by frog virus 3 (FV 3), damage to the sinusoidal lining cells is typical, with loss of endothelial detoxification capacity. Hepatocytes thus degenerate after taking up gut-derived endotoxins directly from the ISA shares pathologic features with FV 3 hepatitis, including endothelial degeneration, peliosis hepatis, and uptake of red blood cells by hepatocytes. However, virus particles were not observed in endothelial cells in the present study. Further, in acute venoocclusive disease (VOD) caused by intoxication with pyrrolizidine alkaloid^,^^^^^^^ changes to the sinusoidal lining cells have been reported during early stages. Impediment of the blood flow caused ischemic degeneration and necrosis of the periacinar paren~hyme.~ Comparable pathogenic mechanisms for the development of liver lesions in VOD and ISA is possible.
An impeded sinusoidal blood flow would also be expected to produce increased sinusoidal and portal vein pressure and could thereby explain several of the additional pathologic features of ISA. First, portal hypertension plays a central part in the development of as cite^.^^ This is particularly relevant for fish, where the colloid osmotic pressure is very low because of a high vascular permeability in the normal ~t a t e ,~~,~~ leaving the mechanisms of ascites formation involving hypoproteinemia and inflammation-mediated increase in capillary permeability with less importance. Furthermore, sinusoidal hypertension might be involved in the observed vacuolation of hepatocytes. It is generally believed that hydropic degeneration of liver cells is caused by a passive influx of fluid into the cytoplasmic organelle^.^.^^ This phenomenon may partly explain the hepatocellular vacuolation observed at late collection times in the present study, but large vacuoles that differed in appearance from hydropic cytoplasmic organel!es were in the majority. These vacuoles contained material with an electron density similar to that of plasma and sometimes even contained fragments of erythrocytes. Similar findings, including the internalization of erythrocytes and other blood elements in hepatocytes, have been reported in perfused rat livers, caused by an elevation of the sinusoidal pressure. 36 In ISA, a destruction.of the sinusoidal lining, thereby exposing the villated surface of hepatocytes to blood, may make them particularly susceptible to vacuolation through such a mechanism. Therefore, the parenchymal vacuolation observed in the present study may be due not only to hypoxia but also to an increased hydrostatic pressure, which might cause passive uptake of blood components.
Considerable stores of cytoplasmic glycogen are regarded as normal in the liver of farmed ~a l m o n i d s .~.~~,~~ The sudden depletion of glycogen between days 14 and 18 p.i. is believed to be correlated with the onset of clinical symptoms. This finding corresponds with the results of previous studies that found a relative hyperglycemia in fish with ISA.39 Such a hyperglycemia could be caused by a massive breakdown of hepatic glycogen stores, mediated through the elevated levels of cortisol in fish with ISA.29 However, absence of hepatic glycogen is in no way specific for ISA, and depletion may be seen in a wide range of diseases, in otherwise stressed fish, or as the result of a low-carbohydrate diet.2s26
There are strong indications for a viral etiology of ISA,9J0,38 although conclusive evidence is still lacking. Fig. 17 . Electron micrograph. Liver; challenged fish, day 25 p i There is complete destruction of the perisinusoidal structures and degeneration of parenchymal cells. Large intracytoplasmic vacuoles are seen in hepatocytes together with marked distention of the rough endoplasmic reticulum. Erythrocytes are located in the former space of Disse, and one erythrocyte appears to be engulfed by a phagocytic cell, presumably representing erythrophagocytosis. Note also nucleus and remnants of the cytoplasm of a degenerated endothelial cell. The former delineation of the sinusoid is indicated by the electron-dense processes of perisinusoidal stellate cells (arrows). Bar = 5 wm. Electron micrograph. Liver; challenged fish, day 25 pi. There is complete destruction of the perisinusoidal Fig. 18 . However, virus was not observed in any of the inhabitant cell types of the salmon livers in this study, and the possible contribution of a virus infection to the pathogenesis of the disease remains uncertain.
In conclusion, the present study suggests that the liver lesions observed with ISA are not the result of the anemia alone because significant ultrastructural lesions were observed prior to the fall in hematocrit values and no signs of direct viral damage to the hepatocytes were observed. The hepatocellular degeneration occurred after changes in the perisinusoidal macrophages, degeneration of the sinusoidal endothelium, and marked circulatory disturbances at the sinusoidal level. These observations indicate that the liver lesions observed in infectious salmon anemia are mediated through an impeded sinusoidal blood flow, resulting in an ischemic hepatocellular necrosis.
